Introduction: Dental pulp inflammation is an excellent model for the interaction between tissue inflammation and regenerative processes. It is worthwhile to better understand molecular signaling of repair and regeneration in inflammatory processes. Emerging evidence suggests that long noncoding RNA (lncRNA) participates in immune system inflammatory processes. Here we investigate the expression of lncRNAs in pulpitis, the inflammation of dental pulp tissue, and identify lncRNAs that possibly participate in inflammation responses and odontogenesis. Methods: Integrated comparative lncRNA microarray was used to examine lncRNA and mRNA expression between inflamed and normal human pulp tissue. The differential expression of lncRNAs and mRNAs was then validated by quantitative real-time polymerase chain reaction. A bioinformatics analysis was performed to predict the function of differentially expressed lncRNAs and mRNAs. Results: Our data indicated 752 lncRNAs were significantly differentially expressed (fold change > 2.0; P < .05) in inflamed pulp tissues compared with normal pulp tissues, including 338 upregulated and 414 downregulated lncRNAs. Among the 646 differentially expressed mRNAs (fold change > 2.0; P < .05), 460 were upregulated, and 186 were downregulated. The differentially downregulated genes are enriched for gene ontology terms related to odontogenesis and cell development in biological processes, whereas the differentially upregulated genes are related to immune and inflammation processes. Conclusions: LncRNAs are differentially expressed in inflamed human pulp tissue compared with normal pulp tissue, indicating that lncRNAs may play key roles in pulpitis pathogenesis and development. (J Endod 2018;44:62-72) 
N oncoding RNA (ncRNA), which accounts for 90% of the human transcriptome, was demonstrated to play important roles in multiple biological processes by directly or indirectly interfering with gene expression, and the deregulation of ncRNA is associated with a variety of diseases (1) (2) (3) . Long noncoding RNAs (lncRNAs), which are ncRNAs >200 nucleotides long, were initially deemed ''transcriptional noise'' and nonfunctional (4) . However, emerging evidence suggests that this class of RNAs also participates in a variety of cellular, developmental, and pathologic processes such as cell apoptosis and differentiation (5, 6) , tumorigenesis (7, 8) , and the immune response (9, 10) .
Reports indicate that ncRNAs may affect odontoblast differentiation and oral diseases. Growing evidence illustrates the essential role of the microRNA (miRNA) pathway in odontoblast differentiation and thus their potential roles in pathologic mechanisms when abnormal miRNA expression occurs (11) . Subsequently, the lncRNA DANCR was identified as a regulator of odontoblast/osteoblast differentiation in dental pulp cells (12, 13) . Further research of ncRNAs in odontogenesis tends to focus on understanding the mechanisms underlying this process to better inform diagnostic and therapeutic treatment in odontoblast-related diseases.
Pulpitis differs from genetic odontoblast-related diseases such as dentin dysplasia and dentinogenesis imperfecta, because it is characterized by the mounted inflammation and reparative responses by the immune system. As part of the tooth's defense against invading bacteria, molecular mediators are released to recruit immune cells to the site of infection to stimulate various signal transduction pathways to regulate downstream reactive molecules. Mesenchymal stem cells that already exist within the pulp are then recruited, and this is then followed by signaling to initiate odontoblast differentiation and dentin secretion.
It is known that ncRNAs could be affected by the inflammatory status in dental pulp (14) (15) (16) (17) . Inflammatory reactions in infected pulp impact epigenetic regulation, which could cause change in gene expression (18, 19) . In the past, researchers have profiled miRNAs on pulpitis and analyzed the miRNAs regulated in this process (17) . However, it is less clear what role lncRNAs may play in regulating pulpitis. The purpose of this study is to evaluate lncRNA and mRNA expression profiling between inflamed and normal human pulp tissue by microarray. A bioinformatics analysis was then used to predict the function of lncRNAs, which relate to the production of inflammatory mediators and pulp repair. Middle line indicates a fold change of 1 or no difference in expression between inflamed pulp tissue and normal pulp tissue. Values above the top green line and below the bottom green line indicate more than 2-fold difference between inflamed pulp tissue and control samples. (E and F) qRT-PCR was used to confirm expression of 4 lncRNAs including LINC00475, RP4-754E20_A.5, XLOC_01234, and XLOC_000283 and 4 mRNAs including FGFR2, DLX1, CCL2, and CASP8 in inflamed pulp samples and control samples. Expression levels were normalized by b-actin. P < .05 was considered statistically significant.
Materials and Methods

Tissue Samples
For microarray analysis, 7 human samples of inflamed pulp tissue and 5 samples of normal pulp tissue were obtained from the Department of Stomatology of Guangzhou Women and Children's Medical Center. Normal pulp tissues were collected from healthy third molars or teeth extracted for orthodontic purpose. Inflamed pulp tissues were extracted from teeth diagnosed with irreversible pulpitis in accordance with the endodontics diagnoses system from the American Association of Endodontists. Any teeth that had periodontitis were excluded. Patients who had a compromised immune system or those who were taking medications known to influence the immune response were excluded from the study. All samples were immediately placed in liquid nitrogen and subsequently frozen at À80 C. Written informed consent was obtained from all patients, and the study was approved by the Ethical Committee of Guangzhou Women and Children's Medical Center.
RNA Extraction
TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA) was used to extract RNA from the normal and inflamed pulp human tissue samples. Total RNA was quantified by NanoDrop ND-1000 (Thermo Fisher Scientific, Waltham, MA), and RNA integrity was assessed by using the Agilent 2100 Bioanalyzer (Agilent Genomics, Santa Clara, CA).
lncRNA Microarray
Arraystar Human LncRNA Microarray V3.0 (Arraystar Inc, Rockville, MD) is designed for the global profiling of human lncRNAs and protein-coding transcripts, which contain about 30,586 lncRNAs and 26,109 coding transcripts. The sample preparation and microarray hybridization were based on the manufacturer's standard protocols. Agilent Feature Extraction software (version 11.0.1.1) was used to analyze the acquired array images. Normalization and subsequent data processing were performed by using the GeneSpring GX v12.1 software package (Agilent Technologies). Differentially expressed lncRNAs and mRNAs with statistical significance between the 2 groups were identified through scatter plot filtering.
Bioinformatic Analysis
To explore the potential functions of the deregulated lncRNAs, classification and subgroup analysis were performed. Both gene ontology (GO) analysis and pathway analysis were carried out to determine the roles of the differentially expressed mRNAs.
The GO project provides a controlled vocabulary to describe gene and gene product attributes in any organism (http://www.geneontology. org). The ontology covers 3 domains: biological process, cellular component, and molecular function. The Fisher exact test was used to find whether there was more overlap between the differentially expressed gene list and the GO annotation list than that expected by chance. The P value denotes the significance of GO terms enrichment in the differentially expressed genes. The lower the P value, the more significant the GO term is (P # .05).
Pathway analysis is a functional analysis mapping genes to KEGG pathways. The P value denotes the significance of the pathway correlated to the conditions. The lower the P value, the more significant the pathway is (P # .05).
To explore the relationship between lncRNAs and mRNAs, a coding-non-coding gene co-expression network (CNC) was constructed by using 6 mRNAs and all of the differentially expressed lncRNAs. R value was used to calculate the Pearson correlation coefficient (PCC) between lncRNAs and coding genes (lncRNA-coding PCC, not including lncRNA-lncRNA or coding-coding PCC). The network was subsequently established according to the PCC if the selection parameter PCC was more than 0.95. Cytoscape (v2.8.2) was used to illustrate the co-expression network.
Validation of the Differentially Expressed lncRNAs and mRNAs by Quantitative Real-time Polymerase Chain Reaction
Ten samples of normal human pulp tissue and 10 samples of inflamed human pulp tissue were selected to confirm the microarray analysis results. Total RNA was reversely transcribed to cDNA by using PrimeScript Reverse Transcriptase (Takara, Dalian, China) following Clinical Research the manufacturer's protocol. Quantitative real-time polymerase chain reaction (qRT-PCR) was performed by using SYBR Green (Thermo Scientific) chemistry. PCR was performed in a 10-mL reaction volume and consisted of an initial denaturation step at 95 C for 10 minutes, followed by amplification with 40 cycles at 95 C for 10 seconds and 60 C for 60 seconds. The threshold cycle (Ct) was defined as the cycle number at which the fluorescence passed a predetermined threshold. Both target and reference (b-actin) genes were amplified in separate wells in triplicate. Gene expression was calculated by using the comparative threshold cycle (2 ÀDDCT ) method.
Statistical Analysis
The Student t test was used to evaluate the differences in the expression levels of lncRNAs and mRNAs between the inflamed pulp samples and control samples by SPSS (Version 16.0; SPSS Inc, Chicago, IL). P < .05 was considered statistically significant.
Results
LncRNA and mRNA Microarray Profiles between the Inflamed and Normal Human Pulp Samples
To ensure the quality of the microarray data, box plot and scatter plot statistical analysis was used. As indicated in Figure 1A and B, the box plot results demonstrated that the distributions of the intensities from all samples were almost identical. In addition, a scatter plot analysis indicated that the distribution of the lncRNA and mRNA profiles varied and was different between the 2 groups ( Fig. 1C and D) . We identified 752 lncRNAs that were significantly differentially expressed (fold change > 2.0; P < .05) compared with the control. Among these, 338 lncRNAs were upregulated, and 414 lncRNAs were downregulated. For differentially expressed coding-RNA, 646 mRNAs were significantly expressed (fold change > 2.0; P < .05) between normal and inflamed pulp groups. Among these, 460 mRNAs were upregulated, and 186 mRNAs were downregulated. To evaluate the reliability and accuracy of microarray, qRT-PCR was performed to further confirm the expressions of 4 lncRNAs and 4 mRNAs in 10 inflamed pulp samples that were paired to normal pulp samples. As shown in Figure 1E , LINC00475 was downregulated, and RP4-754E20_A.5, XLOC_01234, and XLOC_000283 were upregulated in the inflamed pulp samples compared with the control samples. The mRNA expression of fibroblast growth factor receptor 2 (FGFR2) and distal-less homeobox (DLX1) were significantly downregulated, and C-C motif chemokine ligand 2 (CCL2) and caspase 8 (CASP8) were upregulated in the inflamed pulp samples compared with the normal samples (Fig. 1F) . These data were consistent with the microarray results.
Classification and Subgroup Analysis of Differentially Expressed lncRNAs
In relation to mRNAs, lncRNAs are sorted into 6 categories including intergenic, natural antisense, intronic antisense, intron sense-overlapping, exon sense-overlapping, and bidirectional (20, 21) . The ratio of these lncRNAs in up or down differential expression was shown in Figure 2 .
Differentially expressed lncRNAs were further classified into subgroups including antisense lncRNAs, enhancer-like lncRNAs, and long intergenic non-coding RNAs. The position between lncRNA and mRNA is closely associated to the function of lncRNA. Antisense lncRNAs are the most widely studied, because they are transcribed across the exons of protein-coding genes from the antisense strand, which can regulate corresponding sense mRNA at the transcriptional or posttranscriptional levels (22, 23) . Enhancer-like lncRNAs are the activating ncRNAs that specifically activate the transcription of neighboring coding genes in an RNA-dependent fashion that requires the activity of the coding gene promoter (24, 25) . Therefore, we focused on antisense lncRNAs and enhancer-like lncRNAs in differentially expressed lncRNAs that have their nearby mRNAs in differentially expressed mRNAs ( Table 1) .
The differential expression profiles included 2 antisense lncRNAs with nearby coding genes that were differentially expressed, which were the lncRNA-mRNA pairs RP4-620F22.2-GBP5 and RP11-1143G9.4-LYZ. There were 16 pairs of enhancer-like lncRNA-mRNA in the differentially expressed profiles. For example, linc00475 had 3 nearby coding genes that include asporin (ASPN), osteomodulin (OMD), and osteoglycin (OGN).
GO Analysis of Differentially Expressed mRNAs
The GO categories used in this study were derived from gene ontology, which comprises 3 structured networks that include biological processes, cellular components, and molecular function to describe gene product attributes. We report the top 10 significance of GO terms (Fig. 3A-F) . In our study, the differentially downregulated expressed genes that we found were enriched for GO terms related to negative regulation of the lipid biosynthetic process, odontogenesis, regulation of the cellular response to growth factor, cellular development, and the organic acid biosynthetic process in biological processes. The differentially upregulated genes were found to be involved in biological processes that mainly refer to the immune system process, the inflammatory response, the response to stress, and cell activation.
Pathway Analysis of Differentially Expressed mRNA
Pathway analysis according to the latest KEGG database allows users to identify significant pathways for differentially expressed mRNAs. We identified 44 pathways with significant differences in (G and H) Top 10 significant pathways involving upregulated and downregulated genes are presented. P value (Fisher P value) denotes significance of pathway correlated to the conditions. The lower the P value, the more significant pathway involved. Clinical Research gene expression. The upregulated genes were involved in 35 pathways, and the downregulated genes were involved in 9 pathways. The predominant pathways are shown in Figure 3G and H. Some important pathways were enriched from upregulated genes including Staphylococcus aureus infection, phagosome, osteoclast differentiation, cytokine-cytokine receptor interaction, and NOD-like receptor signaling pathway. Some important pathways enriched from downregulated genes were those involved in extracellular matrix-receptor interaction and the PI3K-Akt signaling pathway.
CNC Analysis
Six significantly downregulated coding genes, including FGFR2, ASPN, DLX1, odd-skipped related transcription factor 2 (OSR2), von Willebrand factor C domain containing 2 (VWC2), and the KCNQ Differential Expression of Long Noncoding RNAs in Normal and Inflamed Pulp potassium channel (KCNQ), were selected from the inflamed pulp sample group to construct a CNC network. These genes are known to be involved in biological processes such as odontogenesis, neuron differentiation, and bone mineralization among others. Figure 4 shows the results of the CNC analysis of 5 coding genes with the exception of DLX1, because there were no differentially expressed lncRNAs that correlate with it.
Discussion
LncRNAs play important roles in regulating physiological and pathologic responses. LncRNA can be expressed from intergenic regions, antisense strands, or introns of protein-coding genes, or they are derived by alternative splicing (3, 29) . They can regulate gene expression through epigenetic, transcriptional, and translational mechanisms (20) . LncRNAs can act as signals to recruit or as decoys to titrate out transcription factors, as enhancers to recruit chromatinmodifying complexes that affect chromosome conformation to guide gene activation, and as competitors that inhibit miRNA binding at the 3 0 -untranslated regions of target genes (25) . Furthermore, some lncRNAs can serve as a source of miRNAs (25) and thereby downregulate multiple miRNA targets that are involved in diverse biological processes.
The potential importance of lncRNAs in the immune response and inflammation is emerging. More and more lncRNAs are being reported to regulate the differentiation and activation of immune cells (26, 27) . Because lncRNAs show a highly specific tissue or cell-type expression pattern in comparison with protein-coding genes (28, 29) , we profiled lncRNA expression in the process of pulpitis. Microarray data revealed 752 differentially expressed lncRNAs (fold change > 2.0; P < .05), of which 338 were upregulated and 414 were downregulated in inflamed pulp tissue compared with healthy pulp tissue. Among these, the majority of lncRNAs were located in intergenic regions, which regulate nearby protein-coding genes in trans. In addition, antisense lncRNAs should instead be classified as mRNA-flanking lncRNAs because they regulate the expression of genes located near their transcription start sites on the same chromosome and are thus named cis-acting (20, 30) . Enhancer-like lncRNAs, as an important subgroup, exert enhancer function by interacting with protein-coding genes in a cis manner. Therefore, the possible functions of the differentially expressed antisense and enhancer lncRNAs in pulpitis in our profile can be predicted by analyzing their adjacent coding genes, which are found to be differentially expressed at the mRNA levels.
LncRNAs demonstrate poor evolutionary sequence conservation and are in low abundance, which makes it difficult to identify their specific functions from numerous lncRNA lists by using a traditional approach. At present, bioinformatic tools are generally adopted before experimental study. We used enrichment analysis to predict functions of the differentially expressed mRNAs and potential targets of lncRNAs in pulpitis. Enrichment scores of GO terms such as immune system process, immune response, and defense response were significantly higher than others, which indicated that most lncRNAs may play roles in immune system and inflammation responses. For example, lncRNA-PVT1 was one of the top significantly expressed lncRNAs, and it has been further studied in the fields of tumorigenesis and inflammation. Li et al (31) found that PVT1 regulated the apoptosis of chondrocytes by acting as a sponge for miR-488-3p in osteoarthritis. In response to lipopolysaccharide-induced inflammation injury of HK-2 cells, PVT1 could promote inflammation responses by binding to tumor necrosis factor-a and inhibiting the JNK/nuclear factor kappa B signaling pathway (32) . Some of the differentially expressed lncRNAs reported here should be studied to find important novel regulators of pulpitis, which could be used as molecular markers of inflammation to facilitate the decision to perform vital pulp therapy.
On the other hand, the significantly downregulated genes showed enrichment in odontogenesis. This is an interesting observation, because it indicates that some lncRNAs in pulpitis could affect the expression of odontogenesis-related genes. Furthermore, the spatial-temporal characteristics of lncRNA determined that lncRNAs related to odontogenesis in pulpitis were different from those in the physiological development of teeth. Until now, researchers have been concentrating on the mechanism of pulpitis in hope of finding a balance between the immuno-inflammatory response and dental tissue wound healing. Aside from low levels of inflammation stimulating tissue repair, new molecules such as adrenomedullin (33) , antioxidants (34) , and histone deacetylase inhibitors (35, 36) have been reported to regulate dental tissue inflammation while enabling regenerative events. As molecules acting through diverse mechanisms, lncRNAs in pulpitis may illuminate an important regulation mechanism between the inflammation and tissue repair, which can be potentially used for therapeutic application.
In this study, our findings indicate that the genes associated with odontogenesis, FGFR2, OSR2, ASPN, and DLX1, were significantly downregulated. These genes are believed to be essential in tooth development and mineralization (37) (38) (39) (40) . We used CNC analysis to predict lncRNAs that targeted these genes in hope of finding some lncRNAs that may regulate the inflammation and regeneration in the progress of pulpitis. 
Clinical Research
We found that RP1-125N5.2, RP13-467H17.1, and RP11-567J20.1 targeted to FGFR2, AC005152.3, RP11-439C15.4, and BC032899 targeted to OSR2, and XLOC_004448 targeted to ASPN were significantly differentially expressed between inflamed and normal pulp samples. By means of 2 bioinformatics tools, we identified ASPN-related lncRNA XLOC_004448 and LINC00475. The latter is an enhancer-like lncRNA, meaning it could exert transcription promoting activity for ASPN and influence its expression. ASPN has been reported to be increased at the early stage of differentiation in human dental pulp stem cells in mineralization media and its knockdown suppressed mineralization (37) . In addition, ASPN inhibited toll-like receptor 2-induced and toll-like receptor 4-induced proinflammatory cytokine expression in periodontal ligament cells and macrophages (41) . Thus, ASPN has a role in cytodifferentiation and inflammation. Its targeted lncRNAs predicted here may be important to regulate factors in the above described processes.
Currently, thousands of lncRNAs are predicted to exist in the human genome. However, only a few have been well-characterized or had their functions identified so far. In this study, the expression of lncRNAs in pulp tissue was analyzed by using microarray to further understand the mechanisms of pulpitis. This may provide a new perspective into how to balance the inflammation and reparative processes to promote the preservation of pulp vitality, which is the ultimate goal in the treatment of pulpitis.
